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I. INTRODUCTION
Lead-based piezoelectric ceramics exemplified by Pb(Zr,Ti)O 3 (PZT) are widely used for sensors, actuators, and ultrasonic motors in virtue of their excellent piezoelectric properties. 1, 2 However, in recent years, lead-pollution and environmental problems caused by the use of leadcontaining piezoelectric materials have become increasingly serious because of the toxicity of lead oxides. From the perspective of environmental protection, it is necessary to develop high performance lead-free piezoelectric materials to replace the lead-based counterparts.
Bi 0.5 Na 0.5 TiO 3 (BNT) and its solid solutions with other perovskites can have good piezoelectric properties and thus BNT-based materials are considered to be the potential candidates for replacing PZT. Pure BNT is an A-site complex perovskite-structured ferroelectrics with a relative high Curie temperature (T c ¼ 320 C). 3 At room temperature, BNT has a rhombohedral symmetry with strong ferroelectricity (P r ¼ 38 lC/cm 2 ). 4, 5 However, the poling treatment of pure BNT ceramic is very difficult because of its high coercive field (E c ¼ 7.3 kV/mm), resulting in relatively weak piezoelectric properties (d 33 $ 73-80 pC/N). In order to decrease coercive field and improve the poling process, forming BNT-based solid solution with a morphotropic phase boundary (MPB) as an effective way has been proposed and studied. Similar to PZT, piezoelectric properties of BNT-based solid solution also show maximum values near the MPBs. The anomalously high piezoelectric performance based on the fact that, the compositioninduced ferro-ferro transition at MPB causes the instability of the polarization state so that the polarization direction can be easily rotated by external stress or electric field. 6, 7 Up to now, many binary or ternary BNT-based MPBs have been reported. 5, [8] [9] [10] [11] [12] [13] [14] [15] The reported BNT-based MPBs are generally formed by rhombohedral BNT and cubic/tetragonal ferroelectrics, and the effect of c/a ratio of the tetragonal end members has not been clearly considered. Actually, for tetragonal ferroelectrics, the c/a ratio plays an important role in determining ferroelectric polarization. Therefore, it may be interesting to investigate BNT-based MPBs formed by BNT and tetragonal ferroelectrics with high c/a ratio.
It is noticed that BiCoO 3 (BC) has a tetragonal symmetry and a large lattice c/a ratio of 1.27, 16 which indicating a high ferroelectric polarization. In addition, BC have large polarization 179 lC/cm 2 and very high Curie temperature 800-900 K. 16, 17 Following the above statement, new solid solutions of rhombohedral BNT and tetragonal BC have been supposed. It is anticipated that solid solutions of BNT and BC have a rhombohedral-tetragonal MPB which may improve the piezoelectric properties. In addition, BC are multiferroics with both ferroelectric and antiferromagnetic orders simutaneously, 17 which means introducing BC into BNT may be a positive way to develop multiferroic materials, at least be helpful for further work on BC-based multiferroics. In this study, (1Àx)BNT-xBC ceramics have been synthesized and their structure and electric properties have been studied. C, the pellets were sintered at 1100 C for 3 h in covered alumina crucibles. In order to reduce the volatility of Bi and Na, the disks were embedded in the same compositional powder during sintering. Prior to the electrical measurements, the pellets were polished to smooth and parallel surfaces. After polishing, the circular surfaces of the disks were covered with a thin layer of silver paste and fired at 550 C for 30 min. The specimens for measurement of piezoelectric properties were poled in silicon oil at room temperature under 7-8 kV/mm for 15 min.
The crystal structure of the sintered ceramics was determined by x-ray diffraction (XRD) with a Cu Ka radiation.
The microstructure was examined by a scanning electron microscope (SEM). Temperature dependence of dielectric properties were measured on poled ceramics with a LCR meter (Agilent, E4980A) from room temperature to 450 C with varying frequencies from 1 kHz to 100 kHz. The polarization and strain versus electric field loops of the ceramics were measured at 1 Hz by precision premier II (Radiant Tech. USA) at room temperature in silicone oil. Piezoelectric constant d 33 of the ceramics was measured by a quasistatic d 33 meter (Institute of Acoustics, Chinese Academy of Sciences, ZJ-4 A, China). The electromechanical coupling factors k p and k t were determined by a resonance-antiresonance method using an impedance analyzer (Agilent 4294 A).
III. RESULTS AND DISCUSSION
The XRD patterns of the (1Àx)BNT-xBC ceramics are shown in Fig. 1(a) . Since no second phase is observed in Fig.  1(a) , we conclude that all the samples have the pure perovskite structure. Fig. 1(b) plots the detailed XRD patterns in the 2h range of 45.5 -48.0 . As x increases from 0 to 0.06, the samples with composition x ¼ 0 and x ¼ 0.015, there are no observable peak splitting, indicating that these two compositions have a pure rhombohedral symmetry. With further increasing x, the (202) peak tends to split and the splitting becomes more and more obvious, suggesting that a new tetragonal phase appears. When x ¼ 0.06, only (002) and (200) peaks are present in the Fig. 1(b) , demonstrating the sample with this composition possesses the pure tetragonal phase. In view of above results and following electrical properties, the rhombohedral-tetragonal MPB may be formed near 0.025 x 0.035 in (1Àx)BNT-xBC system. The evolution of lattice parameters of (1Àx)BNT-xBC system calculated by the XRD patterns is shown in Table I . It is observed that the lattice parameters increase with increasing the amount of BC in the compositions. This implies that the Co 3þ ion (R Co 3þ ¼ 0.65 Å ) with larger ionic radii has diffused into the BNT lattice (R Ti 4þ ¼ 0.61 Å ) and results in the enlargement of lattice. On the other hand, the refinement of the rhombohedral and tetragonal structures for the MPB compositions gave similar unit cell volumes, demonstrating that the coexistence of both phases is plausible for x ¼ 0.025, x ¼ 0.03, and x ¼ 0.035. 18 Fig . 2 shows the SEM micrographs of the composition with x ¼ 0.025, which is typical for all compositions. The dense and homogeneous microstructures are observed, and the average grain size is about 1 lm. No significant composition dependence of grain size can be observed. Fig. 3 shows the density variation as a function of the BC concentration. With the increasing x from 0 to 0.06, the density increases and reaches maximum value at x ¼ 0.025, then decreases with further addition. The relative densities of all the compositions are between 95.3% and 98.3% compared with theoretical density 5.970 g/cm 3 .
19 Fig. 4(a) presents the room temperature polarizationelectric field (P-E) hysteresis loops of all the (1Àx) BNT-xBC ceramics. As can be seen, all ceramics have wellsaturated P-E hysteresis loops. To further analyse the loops, the detailed composition dependence of saturated polarization (P s ), remnant polarization (P r ), and coercive field (E c ) are plotted in Fig. 4(b) . Clearly, the change of the P s and P r as functions of x value remains entirely consistent. For x 0.025, the P s and P r show a tendency to increase slightly with increasing x, reaching the maximum values of P s ¼ 40.6 lC/cm 2 and P r ¼ 35.4 lC/cm 2 , and then with the further increasing x, both decrease monotonously, with a sharp decrease appears as x ¼ 0.04. On the other hand, E c decreases monotonously with x increasing from 0 to 0.06, except for abnormal increase near x ¼ 0.04. The ceramics with composition x ¼ 0.04 possesses a relatively high E c and small P r , indicating that the composition with x ¼ 0.04 is out of the MPB region.
Bipolar strain-electric field curves of poled (1Àx)BNTxBC ceramics are shown in Fig. 5 . The typical butterfly shapes are observed for all the samples, indicating the ferroelectric nature. The maximum positive strain can reach 0.12% for the composition with x ¼ 0.035. Fig. 6 shows the variations of the piezoelectric constant d 33 and the thickness electromechanical coupling factor k t with x for (1Àx)BNT-xBC ceramics. It is found that d 33 and k t have a similar variation increasing first and then decreasing with the increasing x. The maximum d 33 and k t are 107 pC/N and 0.46, respectively. These results are comparable with other BNT-based solid solution systems. It is noted that the planar electromechanical coupling factor k p of the ceramics is approximately 0.13-0.145, except for the sample with x ¼ 0.06 has a lower k p value of 0.09, the lower k p might be related to the poling treatments.
The relative dielectric constant (e r ) and loss tangent (tand) of poled (1Àx)BNT-xBC ceramics as the functions of temperature are shown in Fig. 7 . The depolarization temperature T d , rhombohedral-tetragonal phase transition temperature T R-T , and the temperature T m of the maximum dielectric constant were observed. All samples exhibit broad and frequency dependent dielectric peaks, indicating that the ceramics are relaxor ferroelectrics.
According to the report of Hiruma et al., 3 the T d , T R-T , and T m could be determined from the peak of loss tangent, the low and high temperature hump of relative dielectric constant of the poled samples, respectively. The following should be addressed for Fig. 7 : First, the T d decreases from 157 C for the composition with x ¼ 0 to 87 C for that with x ¼ 0.035, and then tends to increase with further increasing x. Senond, the low temperature humps of relative dielectric constant, which is indicative of the T R-T , are becoming inconspicuous gradually with the increasing x and almost disappear at x ¼ 0.04. This observation is consistent with other reports that the B-site substituting of Co 3 þ in BNT system can lead to the low temperature humps of e r disappear. 20, 21 In other word, the introduction of BC leads to lower T R-T . Third, the T m values are almost x-independent with the constant values of about 357 C. It can also be seen that the values of e r at T m for BNT-BC solid solutions are higher than those of pure BNT ceramics. And finally, a broaden hump of loss tangent and relative dielectric constant around 200 C can be seen for all BNT-BC solid solutions whereas it is absent in pure BNT ceramics, which can be attributed to that of the antiferromagnetic-paramagnetic transition of BC. 16, 17 Further works on the magnetic property of this system are underway.
IV. CONCLUSION
In summary, BNT-based solid solution BNT-BC leadfree piezoelectric ceramics were prepared and their structure and electric properties were studied. The MPB of rhombohedral and tetragonal phases was detected in the range of x ¼ 0.025-0.035 by XRD. The electric properties of ceramics with MPB compositions have been improved and the optimum value of d 33 , k t , P s , P r , E c , and S for the ceramics with 5.25 kV/mm, and 0.11%, respectively. The low temperature humps of relative dielectric constant, which is indicative of T R-T , are becoming inconspicuous gradually with the increasing x and almost disappear at x ¼ 0.04. The depolarization temperature T d decreases first and then increases with the increasing x. The results may be helpful for further work on BNT-based lead-free piezoelectric ceramics and even for multiferroic materials.
